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ABSTfl•CT

Beryllium oxide, because of such properties as low density,

high melting point, and excellent thermal coiductivity is ýhighly

regarded as a material for advanced radomes and electromagnetic

windows. The program involved an investigation of three forms of

beryllium oxide, monolithic beryllia ceramic, foam structures,

and structures reinforced with beryllia fibers.

The pyrolytic method was investigated as a means of preparing

dense beryllia and fibers of the oxide. Specifically, a chemical

vapor deposition process involving a reaction between a halide of

beryllium and water (hydro-pyrolytic reaction) and the pyrolysis

of an organic '.dduct of beryllium were studied as means of prepar-

ing continuous deposits of beryllia. The vapor phase oxidation of

beryllium metal was also investigated as a process for preparing

beryllia fibers or whiskers.

The parameters of the dependent and independent variables

such as substrate temperature, flow rate, vaporization tempera-

tures, geometric factors, and source materials were studied for

both the chemical vapor deposition and the vapor phase oxidation

processes.

Deposits of limited thickness were prepared by the hydro-

pyrolytic reactions involving oxygen donor systems such as either

water or nitrogen dioxide. For either system, evidence points

toward the fairly rapid attainment of equilibrium conditions



wherein the depcsit of beryllia produced by the reactions is

eroded by the volatile non-metallic oxides of the reactants or

products of the reaction1.

Preliminary results ir.dicated that adherent, dense, and

hard deposits of conceivThly unlimited thickness could be pre-

pared by the pyrolysis of a volatile organic adduct of beryllium.

Sporadic success was attained in growing beryllia fibers

by the vapor phase oxidation of beryllium metal. It was found

that the sensitivity of beryllium to free oxygen prevented the

direct use of the element. Oxygen donors such as water were

therefore also studied as source materials for the formation of

beryllia fibers.

This contract is a continuation of the work performed under

Contract NOw 63-0412c.

Prepared by: ~
Dr. W. A. Taebel

G. Hoekstr9 r

Approved by:_____________
'K. H. Styhr
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BY PYROLYTIC P7TCIT!O7.1

I. Introduction

1. 1 purpcoe of tho Promrnm

This program has been established to perform the following

tasks:

a) To design, construct, and modify when deemed necessary

experimental equipment for producing continuous deposits,

foam structures, and fibers or whiskers of beryllia.

b) To conduct research and develgpment to permit deposition

of pyrolytic and filamentary forms of beryllia.

c) To prepare pyrolytic beryllia samples representative

of radome material.

d) To prepare composite structures consisting of fiber

reinforced fcam over-laid with a coating of pyrolytic

beryllia.

1.2 Present Status

This report summarizes the work performed on the subject

Contract NOw 64-0512f during the period 28 May 1964 to 1 June

1965.

Task (a) given above has been essentially completed in

that equipment redesign and modification has been completed when-

ever experimental results dictated the necessity of change in

order to achieve the next higher plateau of success with respect

to continuous or fibrous deposits.
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Extensive experiments have lcd to success on Task (b) in

that laboratory techniques were cstablished which permitted

tne preparation of reproducible coatings of pyrolytic berillia.

However, additional experimentation is definitely required in

order to finalize the engineering parameters involved in pro-

ducing massive structures or coatings on extensive surfaces.

In general, vapor phase oxidation of beryllium metal was

found to offer definite possibilities proveded adequate and pre-

cise control can be exercised for the oxidant.

In the relatively short period of study, only the principal

parameters could be rather precisely defined and additional

research is necessary to establish the relationships of those

parameter to one another and to permit translation of laboratory

findings into more advanced pilot equipment for monolithic

deposits and large quantities of fibers.

Small samples consisting of sintered beryllia substrates

coated with an adherent deposit of pyrolytic BeO measuring

approximately .010 inches in thickness were prepared as part of

Task (c). Work was initiated on preparing a second type of sample

consisting of a foam substrate bearing a coating of pyrolytic

beryllia. Samples of a third type which are similar to the

second type except that a reinforced foam substrate is to be

used, were not prepared because the supply of reinforcing beryllia

fibers was inadequate. These samples should be forthcoming at

a later date and thereby permit us to complete the assigned tasks.
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2 .1 ntrriaIs

It has been the general practice of most investigators to

use, as the source material, a halide of the metal wrhose ox:ide

they are endeavoring to prepare by vapor phase reactions. This

selection is prompted by the fact that many metal halides in

the anhydrous condition exhibit appropriate vapor pressures at

temperatures significantly belo%. their dissociation or decompo-

sition temperature. The chloride and bromide of beryllium are

two such compounds.

The anhydrous chloride or bromide can be prepared con-

veniently by passing anhydrous hydrogen chloride or bromide

respectively through a bed of beryllium metal chips maintained

at a temperature of approximately 600 0 C. At this temperature

the compounds vaporize and consequently fresh metal is con-

stantly exposed to the action of the reactive gases. The

anhydrous halides of beryllium are exceedingly hygroscopic

and therefore must be handled in a moisture-free atmosphere.

We circumvened this problem by preparing the respective halides

in loco so that they could be conducted directly from the re-

action vessel to the pyrolytic chamber.

Compounds other than the halides can be used to prepare

pyrolytic oxides. In general such source compounds are organic

adducts of the metal whose oxide is desired. Beryllium basic

formate was chosen as a source material because it, like other

formates, should decompose when heated to the proper temperature



-4-

to yield pure beryllium oxide, thermally stable carbon monoxide,

and water. The ccompound was prepared by dissolving the basic

carbonate, which was obtained by treating a solution of beryllium

nitrate with amsionium carbamate, in concentrated (00,o) formic

acid. A white granular product was prepared by pulverizing the

cake obtained after evaporating the basic formate solution at

approximately 110°C.

Thv water required to hydrolyze the beryllium halides in

the hydro-pyrolytic reactions was prepared in loco by reducing

carbon dioxide with hydrogen. Other sources of oxygen such as

nitrogen dioxide were conveniently drawn from a cylinder of the

gas.

Substrate material in general was sintered beryllia ceramics

in the form of flat plates, crucibles, rods, cones, and tubes.

Other substrate material consisted of alumina ceramics, graphite,

and Vycor or Pyrex glass.

2.2 General Procedures

The apparatus used for producing continuous deposits of

beryllium oxide was based on consideration of the following

reactions where "X" is either the chloride or bromide ion:

Be + 2HX .------> BeX 2 + H2

CO2 - H2 -  ------ > H2 0 + CO

BeX 2 + 2HOH 0------> Be (OH)2 + 2HX

Be (OH)2 ------ > BeO + H20

BeX 2 + NO2 ------ > BeO + NOX

Be 4 0 (CHO02 ) 6 ------> 4BeO + 6CO + 3H120



The e:perimental systcm uzed for either the hydro- or the

nitro- pyrolysis of the beryllium halides is shown schematically

in Figure 1. High purity ccmpressed gases were purchased from

the Matheson Co. The cylinders of gases were connected to the

pyrolysis or reaction chamber through a train consisting of a

tower containing a drying agent Luch as Drierite, calibrated

flow meters, needle valves, and a mixing chamber. Thus each

gas could be monitored and regulated to yield any desired

partial pressure in the reaction atmosphere. The oxidant,.s were

fed into the reaction chamber at either one of two entrances

so that either con- or counter- current flow conditions 'ould

be achieved.

Molybdenum wire-wound electric heater, controlled by vari-

able transformers and monitored by thermocouples and/or by

optical pyrometers, were used to indirectly heat the beryllium

converter or the substrate object to the specified temperatures.

Thus, the heaters were not used as the actual walls of either

item.

Substrate materials which were used consisted of beryllia

or alumina in the form of cylinders, rods, discs, plates, and

cones.,The exit gases were conducted to a burn-off nozzle through

a condenser partially filled withwater and glass beads.

This system, then, permitted experiments to be performed

under a variety of controlled conditions such as

1) either beryllium chloride or beryllium bromide at
definite

a) temperatures
b) flow rates
c) concentrations
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2) oxidants in the forn of water, carbon dioicide, or
nitrogen dioxide at specified

a) concentrations
b) flow rates
c) flo, directions

3) substrates of aluminn or beryllia to permit studies
of the effect of

a) temperature
b) geometry
c) material
d) surface

The system used for the pyrolysis of the basic formate

shown schematically in Figure 2. It will be noted that it

considerably less complex than that used to study the beryllium

lides. Since the compound can be volatilized and decomposed

thermal means, there is no need for the auxiliary and reactive

ses and their associated entrance and exit ports.

The reaction chamber was connected to a vacuum pump through

tower packed with glass wool. In general the tests were

de at a pressure of 2 to 10 mm of mercury. In a few of the

!sts an argon carrier gas was used at atmospheric pressure.

,me tests were also made with a small constant flo, of air

trough the system. In the latter two cases, the gases were

)nitored and controlled by flow gauges and needle valves. These

Lses were introduced into the system through an orifice in close

•oximity to the generator so that blending of the gases occurred

•ior to their reaching the substrate. The substrate and

'nerator were heated indirectly by means of molybdenum wire-

);und heaters which were controlled by variable transformers and

)nitored by an optical pyrometer or thermocouples.
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The gcncrator consistcd of a three- piece 304 stainices

steel assc:Ly consisting of a thrcadcd well with a mating joint

for accoc.-;o'ý •ting a hocd which could be loc:l firmly to the

well by means of a threaded ring nut. A seri-z of hoods were

used, each of which was pierced with a definite and different

sized operd.ng. The generator was of sufficient size to hold

approximately two grams of the pulverized basic formate. The

system therefore was operated on an intermittent basis.

This system permitted experiments to be performed with

beryllium basic formate as the source material under controlled

and varied conditions involving such factors as

1) substrate materials, geometry, and position
2) vaporization temperatures
3) degradation temperatures
4) atmosphere

The system used for the investigations of the vapor phase

oxidation of beryllium as a method of preparing beryllia

whiskers is shown schematically in Figure 3. In addition, a

horizontal molybdenum wound tube furnace was used in some of the

experiments. The unit shown in Figure 3 consists of a container

which can be evacuated and sealed from the atmosphere. This

container houses the reaction chamber proper which consists of

a molybdenum wire-wound heater surrounding a tube, the lower

half of which transmits heat to the crucible containing beryllium

metal, and the upper portion of which acts as a condenser for

fibrous grcwth. These components were made from beryllia ceramics

in order to assure that any oxide fibers that were produced were

not those of any other metal. Temperatures were controlled and



and ronitored as mentioned Ebove.

Various aLr.ospheres consisting of argcon, , argor-

water vnaor, and other cc:•.'inntions w:wrc ir ¶ into the

systcm thucugh a re dfr psing t%.oui r% utcr vapor

generator and were essentially directcd to flocw through the

reactor-condenser tube. The oxidants and diluents were controlled

and monitored by means of flacr gauges arA needle valves.

Provisions were made so that the non-aquaous gases could be

introduced without or with the addition of water vapor; the

latter condition was achieved either by passing the gases through

the free space above the water or by bubbling them through the

liquid.

This system together with the horizontal tube furnace

permitted studies to be mae relative to such parameters as:

1) reaction temperature
2) atmospheres - oxidants and carrier gases, flow rate,

concentrations, pressures
3) source material - purity, physical form

III. RESULTS AND DISCUSSION

3.1 Hydro-Pyrolytic Process

The experiments performed on this task were designed to

develop techniques and acquire fundamental data and information

which would define the problems associated with the hydro-pyro-

lytic method so that the ultimate objective of preparing radomes

could be realized.

The range of the experimental parameters investigated in this

task is given in Table I and a condensed description of the runs
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which were m;ndo is given in Sunýrary Sheet 1o. LM: Ilydro-pyrolysis

of BerylliznL Chlomice-E::erirntnl Objectives, Condisions, and

Obscrvations.

Range of Process Variables for Hydro-Pyrolysis of Beryllium
Chloride

Temperature - OC 1050-1550
Flow Rates liters/min.

HCL 0.01 - 0.1
CO2  0.08 - 1.5

H2  0.3 - 3.0

BeC1 2 : H2 0 ratio 1:1.5 - 1:125

Time - Hours 0.5 - 3.0

The work performed on prior contracts had shown that the

hydro-pyrolysis of beryllium chloride to yield beryilium oxide

involves a series of reaction which are thermodynamically favor-

able in the range of 1000 to 1500 0 C. The primary object then of

the work performed during the reporting period was to define

the parameters involved so that process optimizatiDn could be

achieved.

As a guide in selecting significant experiments, the model

which we used encompassed the following concepts:

1) pyrolytic beryllia is derived from a highly reactive
beryllium hydroxide;

2) Since beryllium hydroxide is non-volatile at the operating
temperature, it must be formed at or in very close proximi
to the heated substrate;

3) the temperature of the chlorinator should be at least
50*C above the sublimation temperature of beryllium
chloride in order to maintain a reactive beryllium metal
surface;



4) the available moisture content of the reactant should
be in excess in order to prevent the fortation of ccmplex
oxy-chlorides;

5) the most imortant pira~eters include sub-tratt
ture, reactant flcw ratoe and conc:ntrat ions, sxBztrate-
reactant delivery sysIte rolaticn.hiis, and tire.

Beryllium chloride is exceedingly sensitive to water and can

be easily hydrolyzed to the non-volatile hydroxide. Premature form-

ation of the hydroxide would limit the quantity of this compound

which reaches the substrate to that which is mechanically transpor-

ted by an inert carrier gas. The efficiency of the process would

therefore be very low. In addition, the orderly deposition of the

oxide on the molecular scale which is characteristic of the true

pyrolytic process would not take place due to agglomeration of the

discrete particles during their travel through distances which are

orders of magnitude longer than their mean free path. It was found

therefore that the reactant delivery system should lead the

reactants or direct them to the substrate and in order to

prevent clogging of the delivery lines, the line used for the

beryllium chloride together with any inert carrier gas should

be separate from the delivery line used for the carbon-dioxide-

hydrogen mixture. An arrangement consisting of parallel delivery

lines with the nozzle of the beryllium chloride line terminating

closer to the substrate than that of the carbon dioxide line

proved more effective than systems involving simple introduction,

and hence diffuse conditions, of the reactants through ports

terminating at the reactor wall; counter-current flow conditions

involving either upward or downward movement of the separate



rezsatcnts re;crA',tivoly; or a cy-t:7' con-cc 'cntri~c 1YCI~h~

tho racctants could Ih fcd to theo ctr"t:to eDeratcly through

either an inner c:: an outc:: .... cŽj-. "ccriicd

with the latter arrwnw::i•t oe theft cUleinA" of the b'oyllivr

chloride delivery tu~e occurred duo to Lack diffusion of the

water regardless of w,:hether this line were the inner or the outer

member of the concentric system.

The flaq rates of the reactants were found to be irmportant

with respect to tsxture of the deposit and its deposition rate.

At the one extreme of reactant movemant equivalent to that pre-

sent duiin; diffusion, the deposit was hard and glass-lile but

of insignificant thickness; at the opposite extreme of flow

velocities of the order of 3000 cm/min, the deposit was powdery

and non-adherent although of considerable initial thickness.

This would indicate that meaningful growth rates of deposits

exhibiting satisfactory properties could be achieved at oiw

rather than at high flow rates. This was verified by e•tperi-

mentation and it was found that flow velocities of the ordee of

100 - 300 cm/min. were satisfactory.

The relative concentrations of the reactants or their ratios

are important factors of the hydro-pyrolytic process. High con-

current concentrations of the components, BeCI 2 and 1120 yield a

light, fluffy non-adherent deposit. Stoichiometric quantities of

the reactants are not acceptable with respect to deposition rates

but the coating exhibits satisfactory properties. Other conditions

being equal, it was found that water must be present in excess -
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its deleterious effcct is discussed belaa - and that a dynamic

mol ratio of 1 ix'2C1 2 to 3 - 6 H20 fairly well defines the satis-

factory operating, conditions.

In the inte :cct of clarification, three factors will be

discussed collectivoly. In general, for a given set of conditions,

the amount of deposit as determined by its weight or thickness is

proportional to the duration of the run. This proportionality

exists over a certain temperature and moisture range. At tempera-

tures of the order of 900*C, the deposit is pc-:ous and non-ceramic

in texture. Consequently, it can be removed from the substrate

merely by washing. In the temperature range of approximately 1000

to 12001C, an adherent, dense deposit is obtained in thicknesses

depending upon the duration of the run. Above this temperature, one

obtains a dense compact deposit but its thickness remains at a

level of approximately 0.010 inches. Under the conditions which

were explored this limited thickness of the deposit is attributed

to an equilibrium reaction involving simultaneous deposition and

water vapor transport of the beryllia. At elevated temperatures,

the reaction between beryllium oxide and water vapor may actually

occur more rapidly than the deposition rate resulting in an actual

loss of material. This can be illustrated by the equation

BeO + H2 0 <===-_> Be(OH) 2 being driven to the right at elevated

temperatures an, evidence of this etching action of water vapor at

approximately 14001C is presented in the photomicrograph of Figure 4.

These observations led us to investigate compounds other
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its dcletcrious cffect is discussed bel-c - and that a dynamic

mol ratio of 1 DrC1 2 to 3 - 6 H2 0 fairly wAl defines tha satis-

factory oicýrating conditions.

In tho inter.e2t of clarification, thA'c~c )actors will be

discussod collectivoly. In general, for a •ivon set of conditions,

the amount of deposit as determined by its weight or thickness is

proportional to the duration of the run. This proportionality

exists over a certain temperature and moisture range. At tempera-

tures of the order of 900WC, the deposit is porous and non-ceramic

in texture. Consequently, it can be removed from the substrate

merely by washing. In the temperature range of approximately 1000

to 1200WC, an adherent, dense deposit is obtained in thicknesses

depending upon the duration of the run. Above this temperature, one

obtains a dense compact deposit but its thickness remains at a

level of approximately 0.010 inches. Under the conditions which

were explored this limited thickness of the deposit is attributed

to an equilibrium reaction involving simultaneous deposition and

water vapor transport of the beryllia. At elevated temperatures,

the reaction between beryllium oxide and water vapor may actually

occur more rapidly than the deposition rate resulting in an actual

loss of material. This can be illustrated by the equation

BeO + H20 <===-_> Be(OH) 2 being driven to the right at elevated

temperatures and evidence of this etching action of water vapor at

approximately 1400°C is presented in the photomicrograph of Figure 4

These observations led us to investigate compounds other
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than vater as the rcactant for converting the beryllium hcUas,

into boryllia. These stutc) are discunscd in the section

belo•¢.

3.2 ;t v -31. V3i'-

A nui-Ler of substances other than water can be usod to

provide the oxygen required to convert the beryllium halides

into beryllium oxide by thermal means. N7itrogen dioxide, 10 2

(actually a dimer) is such a compound. Various hypothetical

equations,all favorable thermodynamically, can be written for

the reactions between beryllium halides and this compound to

yield beryllium oxide at elevated temperatures. These reactions

have been identified therefore as "nitro-pyrolytic" to

differentiate them from those in which water constitutes the

source of the oxygen for the formation of beryllia.

Further consideration and calculations show that the over-

all ",Litro" conversion of beryllium to beryllium oxide via the

bromide is thermodynamically more favorable than via the

chloride. Since a high purity hydrogen bromide is as readily

available as the high purity hydrogen chloride, a series of

experiments were performed which involved bromination of beryllium

metal by means of gaseous hydrogen bromide and exposing the sub-

limed beryllium bromide at elevated temperatures to an atmosphere

containing nitrogen dioxide. The system used in this series of

experiments is shown schematically in Figure 1; the range of

the experimental parameters which were investigated is given in

Table 2, and a tabulation of the pertinent conditions, objectives,
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and obscrvations is pre2Cntcd in 17 Shct Uo. ln Nitro-

Pyrolysis of Deryllium I4alides.

Range of rrocczs VL:riJ.l( for 11tro-
Pyrolysis of Deryllium D>vcid0

Temperature - 1C 1000 - 13!0
Flow Rates liters/mmn.

HBr 0.01 - 0.04
NO2  0.07 - 0.15
A 0.0 - 3.0
H2  0.0 - 3.0

BeBr 2 : NO2 ratio 1:4 - 1.5:1
Time - hours 0.3 - 1.0

Hydrogen was used as the carrier gas in approximately one-

half of the experiments and argon was used in the remainder.

Experiments which did not involve hydrogen were of relatively

short duration, primarily due to heater failure. Another

problem experienced with the utilization of beryllium bromide

as the source material was that of low yields of the compound

as determined by the amount of beryllium consumed when hydrogen

bromide gas was passed over the metal. The problem, however,

was regarded as of secondary concern since it probably could

have been solved by brominating at a higher temperature. This

expedient, however, was not investigated since a few experiments

indicated that other than a calculated thermodynamic advantage,

beryllium bromide showed no decided superiority over beryllium

chloride.

A few experiments were therefore conducted on the nitro-

pyrolysis of beryllium chloride. The range of process para-
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meters covercd in the stdiy is shown in Table 3.

T,7Jý71. 3

Ftlngc of Proccz2 Wri,,les for Vitro-
Pyroly si cc7. li: Clr-~

Tee!p=czatur-e °C 1250 - 1475
Flow Dates litors/min

HC1 0.02 - 0.04
NO2  0.10 - 0.15
H2  3.0

BeC1 2 : 1q2 ratio 1:4 - 1:2
Time - Hours 1

The above e:.periments together with those performed using
beryllium bromide as the source material demonstrated that

oxides other than water could be used to provide tbe oxygen

for the conversion of beryllium halides to beryllium oxide and

in this manner one could circumvent the devaotal-ing etching

action and vapor transport of the beryllia deposit when water

is one of the reactants.

It was also realized that modification of the heating

system would be required if an inert gas such as argon were

to be used instead of hydrogen in the nitro-pyrolysis system.

This definitely would have been done were it not for the fact

that concomitant with carrying out experiments on the nitro-

pyrolysis of the halides, studies were made on using organic

adducts of beryllium as the source material. Preliminary

investigations appeared exceedingly promising and consequently

the total effort was directed toward the use of such compounds

in place of the halides. The experiments involving the basic

formate are described in the next section.

3.3 Pyrolysis of Beryllium Basic Formate



-16-

The Goecction of heryllium basic formzIte aO the source

rvterial wra ba7zcd on the kn ilcnUe that its dcecc,.,!jC-ition

products hc ould not co-AtanAxate t1he berylliurx o-:idoe derived

the~refrc7I witha carinon,7ceouo rjnterial. Futhrioeth

reaction prc.,'uctt should contain a minimum quantity of water

of constant amount and since it would be diluted with other

gaseous products the water vapor transport mechanism might

be restricted to a very minor role.

A schematic of the apparatus used for the pyrolysis of

the organic adduct of beryllium - beryllium basic formate -

is shown in Figure 2.

A condensation of the experimental runs whiich were made

is given in Summary Sheet No.. 2, Pyrolysis of Beryllium

Basic Formate and the range of the parameters investigated is

given in Table 4.

TABLE 4

Range of Process Variables for Pyrolysis of
Beryllium Basic Formate.

Sublimation Temperature 0C 165 - 330
Substrate Temperature °C 400 - 1250
Time at Temperature - hrs. 0.25 - 3,0
Substrate Material--Ceramic BeO, A1 2 0 3 ; glass;

metal, graphite
Substrate Shape--Flat plates, rods, tubes, cones

A few preliminary experiments established the sublimation

temperature of the basic formate as 175 0 C at a pressure of

approximately 5 mm. To allow for slight variation in pressure

a temperature of 185 0 C was normally regarded as the point at

which an adequate sublimation rate occurred.
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Most investigators have found that the preparatior of

pyrolytic materials rccuires temperatures above 1000 0 C. Our

prior experience had dcmonntratcd that the hydro.- or nitro-

pyrolytic reaction yield-d dcnse bcryllia materials only at

temperatures above a1ro:i:1ately 1100 1C. Our initial tempera-

ture range therefore for the pyrolysis of the basic formate

was equivalent to the values given above.

Experiments performed in this range showed that if pyrolysis

were to be achieved at temperatures of 1000 to 1250*C it would

be necessary to confine the vapor path of the basic formate

so that it would flow through a very narrow channel surrounding

the substrate. Progressive constriction of the flow channel

to essentially compress the vapors tagard the substrate sur-

face was not instrumental with respect to the formation of an

adherent dense deposit of BeO.

It should also be mentioned that at the temperature range

mentioned above, the formation of a satisfactory deposit was

not promoted by changing either the shape of the substrate or

its distance from the orifice of the generator.

In the next serics of experiments, the substrate temperature

was systema'ically decreased by appropriate increments and it was

found that initiation of adherent, dense, and hard deposits were

obtained at temperatures below 650*C. This of course applies only

to the parameters of the system being used and consequently does

not mean that if another system wete used one would be restricted
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to a suztratc txc--r.ature of the ordcr of 650 0 C. Conceivably

higher tc~r t~urcs ~,ould be used with success providing forced

or e flc! conditions. were used together with an extre::ely

sharp t r:"-'raturc c 1rAient.

Naving established the working level for the tc 2:erature of

the substrate the next series of experiments were directed toward

securing basic information on the effect of vaporization rate,

substrate geometry and composition, nozzle-substrate relationships,

thermal decomposition range of the formate, effect of multiple

deposits on adherence, and reproducibility of the operating

characteristics of the system.

Observations made during the early :uns pointed toward a

definite tendency for the basic formate vapors to seek an escape

route which would lead away from the hottest region of the sub-

strate. A confining tubular substrate was therefore used in most

of the experiments so that the effectiveness of modifying any one

of the multiple variables involved could be followed.

Thermocouples placed at various locations along the axis of the

substrate showed that the deposition of pyrolytic BeO from the

formate occurred over a temperature range of 400 to 6000 C. This

is several hundred degrees below the temperature used in most

pyrolytic reactions and hence a patent application has been filed

on the low temperature process.

The low deposition temperature for the pyrolytic BeO pre-

pared from the basic formate offers a distinct advantage



in that it significantly t-ot'<cs t1o t of materials which

can be used as subtratas. tc,,tr- ;tcial other than

ceramic L-O or A1 2 0 3 ty, 3 ucczd. in sc;:of' tle runs, the objectives

being to prcparo c :ýzic3 Litch cou;1 I_• used to positively

identify the material, to dctcrmine w1heCthr or not preferred

orientation was present, and possibly to improve the ceramographic

contrast between the base and the coating. Adherence to Vycor

glass was rather poor, conceivably because of the difference in

thermal expansion values of the two materials. Good adherence

was observed when soft glass, graphite and aluminum oxide were

used.

Initially, little success was realized in coating a plane

surface with a deposit of pyrolytic beryllia. In these investigations,

the substrate was mounted with a flat surface perpendicular to the

vapor stream. Almost without exception under this arrangement,

the major deposition occurred on the wall of the chamber and the

vapors appeared to be channeled around the substrate as if it

were an obstacle. Changing the temperature or substrate-orifice

distance did not solve the problem.

The effect of temperature uniformity was studied by using

a small beryllia crucible as a self contained heater-substrate

assembly. The crucible was wound with resistance wire so that

its flat bottom would serve as a substrate which was heated by

conduction rather than radiation from the walls of the reaction

chamber. The crucible was placed essentially in the center of

the threat of a beryllia tube leading from and maintained at
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the tceTrlture of the generator. Again, however, succens was

not vttainod.

Other o::3•ri~n~ut& involving ,th :ate gcormetry with reele'ect

to the clO.c;e and iot.usions of a flat surface were not success-

ful. 1A study of the deposition pattern using a series of wires

which were suspended at various points in the vapor stream indica-

ted that plane surfaces of a substrate would be coated if the sub-

strate were oriented so that the surfaces were close to the orifice

of the generator and parallel to the vapor stream, rather than at

right angles to it. This observation was confirmed by successfully

coating graphite plates placed on end in the cavity of the reaction

chamber and slightly above the plane of the orifice of the generato:

Success in coating an object of any geometry ranging from rods,

tubes, and flat or curved surfaces was attained by maintaining the

temperature of the substrate in the range of 400 to 600*C and

placing the substrate in the path of the vapors of the sublimed

beryllium basic formate. Test samples measuring approximately one

square inch in area were made by this process by coating ceramic

BeO plates with pyrolytic beryllia.

3.4 Properties of Pyrolytic BeO

X-ray analysis of the material laid down on a substrate of

Vycor showed that the deposit was BeO and that preferred orientatio

had not occurred.

The hardness of the pyrolytic deposit is compared with that of

a sintered BeO substrate in Table 5.
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Micr1~2icr of c.2 ~oly!":ic and
Ceramic E:;-

Knopp valucs - I.1/C. rc:', 100 c;L~a load

1205 1290
1170 1460
1285 1100
1470 1320
1300 1150

Average 1300 1260

The microstructure of the deposit appcars to be exceedingly

fine grained. Polished surfaces do not reveal the presence of

grain boundaries at a magnification of GOOX. It should also be

mentioned that the normal columnar structure observed in a

number of pyrolytic materials is not evident in the deposit as

prepared above. Thus it would appear that the coating is built

from sub-micron sized particles which are fairly uniformily

deposited on the substrate surface.

As mentioned above the adherence of pyrolytic BeO to

ceramic beryllia is excellent as measured qualitatively by a

scratch test or by heating a coated substrate rapidly to 17000 C.

The latter test promotes epitaxial grain growth at the deposit-

substrate junction showing the presence of an initial strong

bond.

3.5 Beryllia Fibers

A number of methods have been used to prepare fibers of

certain metal oxides. These include vapor transport, thermal

degradation of an appropriate volatile oxygen containing com-

pounds, and oxidation of the metal.
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A rev!c-> 0. przic c4::r- i ncz indic•Q.c2 tha.t the v-,,or

phase ori ... ic of I -ýyl1lutal offercdrI a likely mscoo of

proparing; }ylri~j fikcrm.

EA 'V 7''-t'ic of th': fjlýE ii z CjrcAnCJ a ~~U, u3CC in a

number of c •eriLc:nts is shvan in Figure 3. in addition, a

standard high temipcrature tube furnace was available and was

used to broaden the opportunities br enploration of the

process.

These units permitted us to conduct a number of para-

metric studies embracing the ranges shown in Table 5.

TABLE 6

Range of Process Variables for Vapor Phase
Oxidation of Beryllium

Temperature - °C 1300-1650
Time at temperature - hrs 0.2-64
Carrier Gas - type-reducing (3H 2 -IN 2 )-Pure H2
. Flow Rate 1/min 2-7
Flow Velocity cm/min. 75-600

A tabulation of the pertinent data of the experimental

runs is presented in Summary Sheet No. 3 Beryllia Fibers -

Experimental Objectives, Conditions, and Observations.

The fundamental objective of these experiments was to

define the conditions under which BeO fibers could be grown

from the metal at meaningful rates.

The principal factors involved in the studies were con-

cerned with the nature of the furnace atmosphere and its

effect on fiber growth.

Preliminary trials in which the beryllium metal contained

in BeO boats was placed in the hot zone of an aluminum oxide
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muffle were not prc-Aising in tl~at gros c: tion of the rietal

occurred prior even to melting. This o;[idation is attributcd

to the fact that the alu:tina was significc tly reduced by the

hydrogen at:: c:ee to yield an cý:ceseive emc-t of the o:idant,

namcly, water. If a higýh cofoe;-tratictn cxC "1ter were p2:c.,

the beryllium rCetal would be oxidized in all likelihood before

it could vaporize.

A fairly dense graphite tube was used in place of the

aluminum oxide muffle and two successful runs in which fibers

of BeO were produced seemed to indicate that the analysis of

the problem was correct and that the problem had been solved.

Thereafter, haaever, disappointingly small yields of fibers

occurred and the major deterrent to growath appeared to be

premature oxidation of the metal. Inspection of the graphite

tube after a few more runs revealed that it had a small crack

near the hot zone and consequently moisture from the reaction

between hydrogen and the furnace ceramic materials could enter

the reaction chamber and oxidize the metal. This series of

experiments demonstrated that the composition of the atmosphere

of the reaction chamber was probably the most important para-

meter of the vapor phase oxidation process if fibers were to

be produced.

A 300 series stainless steel tube was then substituted

for the graphite tube. Although this replacement placed restrictions

on the upper level of the temperature which could be used, the

operating range for the stainless material was sufficiently

above the melting point of beryllium metal and permit a series

vP4
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of mcanincgful c-erimcnnts. T fib=r gro;th puttczn c•:riccd

above with the gjrthite tule - cý dplicated with t• stainlceo

reaction ch~c: in that the cii7,.ntity of fibers deocreased with

each succcý'si;.. run. EMcaminivtion of tho tube r1v-a.cd that

gross grain gra?:th had occurr-1 as evidenced by rupture of the

grain boundarics. In all probability furnace moisaturo migrated

through the pores of the metal tube and oxidized the beryllium.

In passing it should be mentioned that the stainless material

was that designated as 310. Other series of course might not

exhibit this almost catastrophic grain growth in a hydrogen

atmosphere at temperatures above 13000C.

The final series of experiments were runs in which a

reducing agent such as carbon was either blended directly with

the metal or spread as a blanket in order to conceivably pre-

vent the pre-oxidation of beryllium. This technique, however,

did not depress the oxidation of the metal sufficiently to

prevent oxidation prior to volatilization and consequently tlhe

growth of fibers did not occur.

In conclusion, the vapor phase oxidation of beryllium

was found to be a reaction capable of yielding well-formed

fibers of beryllia under exact but as yet not completely

defined conditions. These conditions involve a delicate and

sharp maximum for the concentration or availability of an

oxidant. This is quite apparent by referring to Figure 5.

This shows two boats, both supposedly, but obviously, not

exposed with their initial contents to similar conditions since



in one the grc'.;th o.' fibers is cvident witcotut C -,,- Othe

parent r'etal wh ercac" in the other or upper 1:,ot, tho initial

granular rmtal hnrs been completely oidi'c2 to a w•'it•, . ..,:,-r

withoutt fi...r...

IV. COY-• .T•

An analysis of the results obtained during the period covered

by the contract have lcd to the following conclusions:

1) The hydro-pyrolysis of beryllium halides at the present time

is limited to the preparation of deposits of the order of 25 microns

in thickness due to the etching and vapor transport of beryllia by

water vapor.

2) Oxidants such as the oxides of nitrogen, and oxygen itself,

offer definite possibilities for the conversion of beryllium halides

into pyrolytic boryllia without deleterious side reactions such as

that experienced when water is used as the oxidant. Additional

experimentation is necessary in order to establish the parameters

of the process.

3) Pyrolytic deposits of dense, hard, and adherent beryllia

can be prepared by thermal decomposition of the volatile beryllium

basic formate at temperatures of 500*C and below.

4) The preparation of beryllia fibers via the vapor phase

oxidation of beryllium metal has been shown to be feasible.

We believe it in order to make the following recommendations

with respect to future programs involving pyrolytic beryllia

materials:
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Additional studies are ecfinitcly nco~ in order to confirm the

tentative conclusiono cind findingc Otated above with regard to

the utilization of an cgeanic et of beryllium as the soutrce

material for the pre.xration of bei:yllium o;:ide. Early confirma-

tion is anticipated houvever and the program should then be directed

towards establishing the parameters and degree of control which

must be exercised in order to capitalize on a low temperature

reaction.

The limited success experienced in growing beryllia fibers

by the vapor phase oxidation of beryllium metal definitely indi-

cates that the method is feasible. Experiments directed toward

pinpointing the precise conditions under which filamentary growth

rather than coatings occur should therefore be made at an early

date.

We believe that such a program will be highly successful and

permit the development of techniques which can be applied to the

preparation of useable hardware such as radomes, microwave windows,

re-entry structures and protective coatings for such devices.
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V. ; IIA 7 J-

I• , 0 S -. JTL2. HCL H2  CO2

'ect of tiiLre. ct 7G Outer o of 1150 0.1 3 1.5
xe r'.0 crucible

'Oct of '-nle.Mir" 77 E-0 dioc I5P to 1030 0.04. 3 0.08

I cl..e to 6Voptor tVrtVcCLzi

'ect of tcmp. 70 like 77 1550 0.04 3 0.08 --

'ect of DaC12 conc. 79 like 77 1550 0.02 3 0.08 --

!ect of preblcrdinz P0 like 77 1365 0.02 3 0.08 --

i near substrate

.hun No. 80 81 see 77 -- 0.02 2 1.0 1.0

82 0.02 0.2 0.1 0.1

83 0.02 0.2 0.1 0.1

84 0.02 0.5 0.1 0.1

85 0.02 1.5 0.1 0.1

Run No. 80 86 see 77 1350 0.01 2.0 0.1 0.1

Run No. 86 inc. 87 DeO disc 1350 0.02 2.0 0.1 0.1

f preblending atm. 88 Narrow strip 1410 0.02 2.5 0.1 0.5

f flow rate 89 Blind tube 1400 0.10 2.5 0.5 0.5

f flow pattern 90 Blind tube 1450 0.02 2.5 0.1 0.5

bove 91 From above 1410 0.1 2.5 0.5 0.5

f atm. 92 Blind tube 1415 0.02 2.5 0.5 0.5

f HUI conc. 93 From above 1450 0.01 2.5 0.5 0.5

,f C02 conc. 94 From above 1440 0.01 2.5 1.0 0.5

rA



D&) E.l P T~7 0C.hS, Pm iT*TJ C.!~~ iT2<YP-,.. -

1`224. CC HCL H2 Co2  H2 CO::L::D . L72. 1;. CAXI .

1150 0.1 3 1.5 -- 4.0 150 0.1

1060 0.04 3 0.08 -- 2.0 I10 <0.00o

1550 0.04 3 0.08 -- 0.8 105 0.03

1550 0.02 3 0.08 -- 1.1 165 0.015

1365 0.02 3 0.08 -- 1.0 120 0.03

-- 0.02 2 1.0 1.0 --...
0.02 0.2 0.1 0.1 .....
0.02 0.2 0.1 0.1 .....
0.02 0.5 0.1 0.1 ......
0.02 1.5 0.1 0.1 ......

1350 0.01 2.0 0.1 0.1 1.0 115 < 0.01

1350 0.02 2.0 0.1 0.1 0.4 25 < 0.01

1410 0.02 2.5 0.1 0.5 0.3 35

1400 0.10 2.5 0.5 0.5 -- 110 0.01

1450 0.02 2.5 0.1 0.5 -- 60 0.4

1410 0.1 2.5 0.5 0.5 -- 60 0.2

1415 0.02 2.5 0.5 0.5 -- 60 0.1

1450 0.01 2.5 0.5 0.5 -- 120 <0.02

1440 0.01 2.5 1.0 0.5 -- 60



0.8 los 0.03 631. do- :'It u.--C,' civax~1~J

1.1 165 0. 0125 ral ? cclc. t lvici but t: ±

1.0 120 0.03 CO2 f u.,ho uc :.tyato firo
is coft.-

-. -- -- ~~Abortiva z1.'J - 134v~ry t2 j2

1.0 us5 (0.01 soft &:c.ý:sit

0.4 25 < 0.0i SofTt dc2;:fit ClZ-r

0.3 35 - 3i-
Ecl2

110u 0.01 Heavy loz-c: ciz,-oit. CO az2I U:C1,
from bcttr-.a . 0i

60 0.4 Bedl in frc--3 b-,yut~c-, CO2 in fe c)

Fluffy dc;ci, wi.e -cnth.
-- 60 0.2 Firm derosit c:n tip. r~o fibers
-- 60 0.1 Heavier dernvit an tip.

-- 120 (o. 02 Non-adb-rent d~erosit above hot zcz2

-- 60 Non-adherent deposit



W~ X ' 2 Yt.- "*" zý- - ý " P. Cc

1, 0z D:1, 1275 0

rxCt ci-,O Pla. to 1215 0

Ef cat of? 3 £--O P13trý 1350 0

4 BE:O PL2,tc -- 0

L:~ ~y ~ ~5 Dz-O Soun.ra 1000 0

Ezzact cf T,-Cý ,. 6 BzO rectargle 1100 0

Ez"Zot cf' Atx~m 7 From 6 1300 0

Lc-ate ~:~~ zcci3 8 Ba0 Pizte 1300 0

E:Crcct of t h9 Frcm 8 1400 0

Effect of Z~j, 10 From above 1400 0

Exffct of p-r:baIcr.Mn atm. Ul BeO Plate 1250 0

Tfect ef tc.12 From abave 1475 0

Eflct of fl:,, Vattern 13 Narrow strip 1420 0



?OIT3X i L i ! 1;i UL U~ L~A S~Ai

w2. CC Kcr A A CO .. D G.. TM.-b, ." AIi...

L275 0.01 2.5 0.4 0.5 0.1 20 0.01 S0, •1.•s

L215 0.01 2.5 0.1 0.5 0.3 20 0.02 L:d cr:

L35, 0.03 - 0.07 - - 30 0.001 11 ued i
o i,:~Židon

-- 0.01 2.5 0.1 0.5 4- - Heater ch

LO0O 0.01 2.5 0.1 0.5 - 30 - No dpcsi

L100 0.04 1.0 0.13 0.5 0.4 15 0.005 Iater fe

L300 0.04 (2.5) 0.1-3 (0.5) 0.1 60 0.04 I1 to rei

H 2 
HH2

L300 0.04 (2.5) 0.13 (0.5) - 60 0.001 Plo adher

L400 0.04 (2.5) 0.13 (0.5) 60 0.001 High dilt
reaction

ECl 112 1r02 2

L400 0.04 2.5 0.13 0.5 0.6 60 0.005 RCi gas I
depos it

L250 0.04 2.5 0.13 0.5 0.8 60 0.008 Counter-(

L475 0.02 2.5 0.13 0.5 0.8 60 0.01 Deposit ]

L420 0.02 2.5 0.13 0.5 0.4 60 - aon-adhe2



5 0.1 20 0.01 SI. e1lassy 2t 2

5 0.3 20 0.02 iL'-rd crst1L-2 ccf:.ti

- 30 0.001 H uzcd in pc•n of A to r:;nt
Udation of hz'tor

5 - - - Heater shoztcd C; failed

5 3 30 - No deposit fc :d

5 0.4 15 0.005 Heater failcdI no dOPc,•it

5) 0.1 60 0.04 H2 to replace A. 1'. fizn depozit

5) - 60 0.001 No adherent dcrzýit. H12 in place of A

5) - 60 0.001 High dilutirm of Eur with H2 prcvents
reaction

15 0.6 60 0.005 EC1 gas to replace MBr. Ncn-adh'arent
deposit

.5 0.8 60 0.008 Ccunter-curreezt flaw. S1. depcit

.5 0.8 60 0.01 Deposit like cbove

,5 0.4 60 - Non-adherent doposit

C



V. S17~ r.:"7 Im T E ;3T 0';I BE$77TJ 1,1 E TMIC

0. SU,,ATE-, Th14P. c0 " °C TL:J.:

Loh Para :-t, :3 1 t,0(I) 1150 185-200 0.75

Ish Pr -1. .... 2 Frczi 1 1050 185-200 1.0

Leh Poar.:-tcro 3 From 2 1200 195-210 0.5

Loh Parnzotor 4 Fram 3 1100 175-185 0.1

imh Parc•etcr3 5 From 4 500 185-200 0.5

Loh P-ter•t3 6 From 5 750 1K -200 0.9

Iomal flc•j 7 From 6 750 185-200 0.75

ional flvi 8 From 7 750 170-185 1.0

ons.A flcra 9 From 8 750 185-200 1.5

ate Gmcctxv 10 Flat P12atc 750 185-200 2.5

10 11 Flat Plate 800 185-300 2.0

tor desir , 12 Flat Plate 735 185-210 2.0

12 13 Flat Plate 750 185-210 1.0

tor design 14 Flat Plate 735 185-210 3.0

tor-Subotrate 15 Flat surface 660 185-210 0.6
ahbip

15 16-19 Flat surface 650 185-200 2.5



CEOITO 7T11k AT±r

TEI. 00C TPa,. OC TEN. -Irs. CItAflZ• -Can. USE.D -Gms. GAIN *G''.

1150 185,-200 0.75 0.9 0.8 0.00

1050 185-200 1.0 1.3 -- 0.00

1200 195-210 0.5 1.0 0.95 -0.00

1100 175-165 0.1 1.4 0.03 0.00

500 185-200 0.5 0.75 0.5 0.00

750 185-200 0.9 0.9 0.83 0.00

750 185-200 0.75 0.6 0.4 0.00

750 170-185 1.0 0.7 0.64 0.00

750 185-200 1.5 0.98 0.9 >0.001

750 185-200 2.5 0.91 0.85 > 0. 005

800 185-300 2.0 2.0 1.8 0.00

735 185-210 2.0 1.5 1.2 0.00

750 185-210 1.0 1.9 1.0 0.00

735 185-210 3.0 -- -. 0.00

ce 660 18a-21I0 0.6 1.1 1.0 0.00

ce 650 1&8-200 2.5 0.35 0.33 > 0.005



(AWE -,:ras3. US,2"D -lis. GAN 1,. a) all r r:5d. with vaculU of 2-3 mrm.

0.9 0.8 0.00 (1)1~3atIn coil inserted In PeO tube.
14o dcposition occurred

1.3 -- 0.00 No visible deposit

1.0 0.95 -0.00 No deposit - substrate lost

weight

1.4 0.03 0.00 Vapor collin3ator used - no Oeposit

0.75 0.5 0.00 No deposit

0.9 0.83 0.00 No visible deposit

0.6 0.4 0.00 For=nte reacted with copper line

0.7 0.64 0.00 Stainless steel single orifice
Generator - Vo deposit.

0.98 0.9 >0.001 Sae as above - very sl. deposit

0.91 0.85 > 0.005 Flat plote used in place of
curved surface
Definite evidence of deposit

2.0 1.8 0.00 No evidence of depo3it

1.5 1.2 0.00 Baffle design to channel vapors
No deposit

1.9 1.0 0.00 No deposit Formate questioned.

-- -- 0.00 Aluminum shields

1.I 1.0 0.00 S1. evidence of deposit

0.35 0.33 ) 0.005 Very sl. deposit

C



V SM1111.1,1 S'' ...7 T Ur,2 17"Y T 07 7

- ___v) ___SU~~T~T17-71. 0C T M2 ~C IT7

SuyC1"clt C';2 jj 20 r7 0 tu' 525-575 103-InlO
tic: tQ1:. Z, ,, 3.6"a.37'"zo25"

VarL7f Vt-ctc zn 21 Sc:: c5 20 525-575 190-210

of rcm 20

Study effact of •oL- 22 C0 tube 525-575 205-215

tion tc-paove to abovio

sacure c;:oit f•r 23 Vycc-r tuL- 525-575 200-210
X-ray mulysia 90 x 9 x 7 r

Socuro eL3 for 24 Soft elnem est. 550 180-190
a-ray emalysis Plato 1": 1"

StuAy d ooiticzn 25 A1 0 disc 500-520 180-190

t•ra 1.i aD x 0.06

Stud7 esti~c 26 CA2O cloend tut ant. 600 200-220
pattorn 41" x 0.3

otot- . ic 27 D•0 tubo no in est. C00 185-225

rate run 20

Ivoraoa Ce-S_:TPhic 28 A120 3 tuba

Coutraot. Study effcct A 4"x.375" x .25" est. 600 185-230

of substrata

Study nature of rultipla 28 to above est. 600 185-225

deposits a
C as above est. 600 185-215
D as abovo est. 600 185-225

9 as ab-ve est. 600 185-215
7 as Gb*ve eat, 600 185-225

Iamproi cerC.2-rcphic G a aboe est. 600 185-225

contrast

Study affect of tt= 30 ZoO tube to 590-610 185-225

at temparature in run 2)

Study effect of 31 Opposite ead

subl1ntion twt2srature A from abovs 400-490 155-165
3 frcm abova 440-460 165-170

A



Isis oil 11P-117-177 7;A¶-!.c - rE2nV77ý --- C" 7 ::: C- 7TV5", AND OrP.SEP.VATiC..S

r% % TL:_7AT C," . ",AA-Gil V Z SU- Su.~sr T i"T~ Z RE14ARKS & r,3SiaVA'
0C T1UP~. 1""S. C11 1- 7I 7D ur-C:' 1 i'7 l-sr) all runs t-t½ ith v

•190 1.0 2.3 1.2 0.074 Ver7 hard e•nnc- -pc)sit on s

•210 1.25 1.2 0.75 0.157 D nnn Lrrd e,.onit CS ýOvc.
that of run 20.

*215 3.0 1.1 0.74 0.137 Deposit similar to thnt note

•210 2.75 1.56 1.03 0.20 Dcpanit located oppron:. " a
crachod & lcosely bonded. X

•190 1.0 1.14 0.54 Plate directly over tnd + to
of 009". No depcoit ovor or
adhlring deposit cnoy frcm c

-190 1.0 1.57 0.90 0.02 Dcposition pattern as above.
frc-a hottest zon3 and d&.ccm
Deposit fairly &dchercnt.

-220 0.17 2.01 0.98 Abortive run. Sublirate chi
of substrata in &.•,n popitic

-225 0.5 1.59 0.94 0.22 !'eavy deposit ertmndin- up t
used to prees substrate agai

-230 0.5 1.2 0.8 0.17 Corz-nta of run 27 apply.

-225 0.5 0.87 0.61 0.12 Doposit appears blanded witt
Weight gair indicatee dopos.

-215 0.3 3.1 1.39 0.025 Now lot of formate used. D(
-225 0.5 1.9 0.89 0.02 Abuve fortm-te used again,
-215 1.0 0.69 0.23 0.05 New lot of formate used. L(
-225 2.0 0.36 0.12 0.00 Above formate used.
-225 2.5 1.2 0.9 0.22 New lot of formate used. 01

Good sublimation. Weight gi

-225 2.0 1.38 1.13 0.30 Firm, dense, hard, deposit
0.75" in substrate.

-165 1.0 1.1 0.05 - Sublimation rate enceadingl
-170 2.0 1.0 0.05 - - Amount of bubitimmtcn very



'Iý

1.2 0.C-74 Very L4 rd Cn rat •'o .. of,

that of run 20.

0.74 0.137 Dcposit usLilar to that noted cDovc.

1.03 0.20 Dapocir le:ntd eppr,:, 1" etcbl &in •retar. Appears
crackad & lc ozaly bznced. X-roy confir• £cO.

0.54 Plate directly ocwr and + to gzc-rntor orifice at distance
of 009". 11o d.ýzsit over orifiic. Ring pattern of
adherina dcpooit n-,ay frc, orifice.

0.90 0.02 Deposition pattcrn as abovw. Vcpor toads to move away
frcm hottest zora end daccmpoce-ecpooit at cooler zones.
Deposit fairly ai;ircnt.

0.98 Abortiva run. Suobtrate shifted during run. Closed end
of subatrata in dczcn position.

0.94 0.22 Heavy deposit e-Itnding up tube for approx. 0.75". Yoke
used to preso subotrate against Snerator.

0.8 0.17 Ccm-nents of run 27 apply.

0.61 0.12 Deposit appears blended with that of run 27.
Weight gain indicates 4opositicn occurred.

1.39 0.025 New lot of foroate used. Decovpoaition without de.osition.
0.89 0.02 Above formate used again. " " "
0.23 0.05 New lot of formate used. Low sublimation & deposition.
0.12 0.00 Above formate used. " " " "

0.9 0.22 New lot of formate used. Opposite end of substrAte used.
G~'- :ub.iiw.tion. Weight gain average.

1.13 0.30 Firm, dense, hard, depobit obtained ea'tendina up approx.
0.75" in substrate.

0.05 - - Sublimation rate exceedingly lcvi.
0.05 - - Amount of sublimation vary small,

C
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3cc 32 frmn runc 31 470-400 1, 1,5 1.0

33 froc run 32 4V0-510 165-170 1.7

uato cyrc:t 34 B30 tuba as Li 640-660 165-170 2.0
run 20

bove 35 from run 34 64'0-6(0 160-165 1.0

rgira ebltifln 36 Cc0 tube 640-660 170-175 1.0
& cCnotc:rcy th:.rcof A 250 x 7 x 5

D fro- above 640-660 165-170 1.0

bove 37 DeO tube 590-610 190-195 2.0
A as in run 36

Vstrutura Otudy D frac •bcmvc PS0-610 1S0-195 1.0

uste cytc-m 38 E:O tuba 590-610 10-195 1.0
as in run 36

bove 39 L0 t u' 640-660 190-195 1.0
as in run ý6

bove 40 froza stave 550-610 1SO-195 1.0

a*t toot 41 frcm above 590-610 190-195 1.0

&te toot 42 ZeO tuba as 590-610 190-195 0.5
in run 36

ate toot 43 frem above 590-610 190-195 1.0

ate toot 44 frem sbove 540-560 195-200 1.0

ate toot 45 Za0 tuba 540-560 190-195 1.0
&a in run 36



L 21, a 3 1T V

470-400 165-195 1.0 1.0 0.05 - - Abortiv,
consi doi
couple.

490-510 165-170 1.7 1.0 0.05 - - Coent,

640-660 165-170 2.0 0.97 0.66 0.1 Thermoc(
for=d.

640-660 160-165 1.0 0.31 0.03 0.00 Re-run I
run 34

640-660 170-175 1.0 1.5 0.4 0.025 New lot

640-660 165-170 1.0 1.1 0.09 0.00 New lot
in run

590-610 190-195 2.0 1.49 0.75 0.12 Abortivo

590-610 190-195 1.0 1.64 0.72 0.05 Slight
parts;

1700*C.

590-610 190-195 1.0 1.4 0.6 0.12 Yoke uce
reuting

640-660 190-195 1.0 1.49 0.06 0.004 New lot

of seall

590-610 190-195 1.0 1.67 - - 0.04 Abortivt

590-610 190-195 1.0 1.52 1.39 0.02 Formate

590-610 190-195 0.5 1.43 0.59 0.00 Formate

590-610 190-195 1.0 1.31 1.12 0.008 Formate

540-560 195-200 1.0 1.9' 1.62 0.12 Firm, ho

540-560 190-195 1.0 1.67 1.4 0.16 Firm, ho



0.05 - Abcrt•.z - •o5 be::: I;~;. o : ................

ccup-c.

0.05 -- Cozznanto c!F:v &c~ly.

0.66 0.1 Thnrrccou2u1c inserted in base of gcnzrator. Deposit
formed.

0.03 0.00 Re-run to edtermiinc if t.2terini in C.....tor frcat

run 34 will subli~rZ" - erscntially nono did.

0.4 0.025 Vo'w lot of formate, Ic,,, subl:r-tion

0.09 0.00 Naw lot of form, ate is qu jutio•nble sinc2e Oubliration
in run 36A enhausted ca~trial.

0.75 0.12 Abortive run, substrate shifted during no~ccbly.

0.72 0.05 SlighIt dcposit for=od. Dý:2iot cccti c:"w. d into three
pnrts; ori as ic, fire c.na at 15001C, fire noa at

1.700 0Co. Still loss of vtýpcra.

0.6 0.12 Yoke used to press slictrnn ag•inat Tefln wnais:r
reating on gensrator top. D2poaition nornL.

0.06 0.004 New lot of formate, sublimaticn poor. Refinement

of sealin3 technique.

0.04 Abortive run - seal mechnnicra & Lied.

1.39 0.02 Formate docccposes without subliming.

0.59 0.00 Formate doco=poces without cublfinin. Discard.

1.12 0.008 Formate decomposes without subliming.

1.62 0.12 Firm, hard deposit obtainred,

1.4 0.16 Firm, hard daposit obtained.

C
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RUN DEPCOSITIOI 21E"ERATOR TIME AT
OBJECT - PURPOSE NO. SUSSTuý.TE TE-:1. *C TEMP. *C T[F2,i. URS.

Evdluate Formate No. 7 46 N.w L20 Tube 540-550 190-195 1.0

Eviluate Formate No. 9 47 New BeO Tube 540-550 190-195 1.0

Evaluate Formate Mix 7-8 48 New BeO Tube 540-550 145-150 1.0

Confirm Ru.% 46 at 190"C 49 Tube 46 540-550 190-200 1.0

Re-evaluaLe Formate No. 9 50 Tube 48 540-550 180-185 1.0

iLudy effcct of Deposition 51 Tube 50 640-650 170-175 0.5
retnper, tLuru

SLudy CttccL oi Deposition 52 Tube 45 660-670 170-175 1.0
"Teinpe rJ Lure -T ime

EvaluaLe reprocessed No. 1 53 Tube 47 640-650 190-195 1.0

Study :ubLtraLe Gcometry 54 BeO Disc 540-550 190-200 0.5

SLudy Genrator-Substrate 55 BeO Crucible 600+ 200-220 0.5
Relationship

Study Substrate Geometry 56 BeO Crucible 590-600 200-220 0.5

Study SubsLraLe Geometry 57 BeO Crucible 590-600 200-220 0.5

Study SubbitraLe Gcometry 58 Disc 54 515-520 210-230 0.5

Study Substrate Geometry 59 Disc 54 515-520 210-230 0.5

Study Generator-Substrate
Rlelationship 60 eO Wafer 495-500 210-230 0.5

Study Generator-SubsLrate
Relationship 61 BeO Crucible 590-600 165-170 0.5

A



AT GENERATCR FORVATE SUBSTRATE REMARKS & OBSERVATIONS
I•RS. C1•-, 1". S-W USED- CGS 1"N-CS a) all runs rtý'c vith vacoum of 2-3 mm.

1.59 1.36 0.14 Deposit appro:.:. 4" above bottom
Fox-mate No. 7 3pproved. Mix with No. 8.

I 3.6 2.3 0.01 Reprocess Formate No. 9

2.97 2.48 0.30 Deposit approx. 4" above bottom.

Generator shielded from substrate heater.
Mixture appears satisfactory.

3.1 2.8 0.26 Firm deposit. Mixture approved

1.16 0.74 0.04 No visible deposit. Reprocess.

1.16 0.84 0.09 Relatively low yield - see 49.

1.38 1.03 0.01 Yield decreased by increased in tempera-

ture - see 51.

2.69 1.55 0.00 Formate cannot be reprocessed by vacuum
baking.

S1.29 1.1 0.00 Light, fluffy non-adherent deposit.

1.78 1.5 0.15 Good weight gain. Shows deposition in

semi-sealed chamber.

5 1.39 1.2 0.13 Abortive run - substrate moved.

5 1.2 1.0 0.11 Inner periphery but not bottom of

crucible was coated.

5 1.37 0.17 0.03 Disregard, temperature control poor.

5 1.36 1.13 0.10 Similar to Run 54.

5 1.15 1.0 0.12 BeO wafer suspended in BeO tube.
No deposit on flat wafer.

5 1.5 1.3 0.00 Generator inverted - dcmnward flow.
No deposit - Blockage of generator.

b



RUN VzP3-1TI I c. PA T C?,,c T L S7 AT
O!JECT - NO0. SUZSTR, _T____ Tr. 0Cc f . 0C TEn. Is.

Study C'-S~trate 62 Ea0 Wtafer 585-590 19-200 0.5

Study Te !-aturc of 63 BeO Crucible 475-460 190-200 1.75
Subscrate

Study tzpnoitna 64 Suspended Wire 525-535 220-240 0.7
Area

Determine Dý,ponition 65 Suspend3d Wire 500-505 220-240 1.0
Area

Determin3 DCrosition b(, Multiple Wires 520-530 200-220 0.1
Area

Detem.ine Dzpooitlon 67 Wire Coil 520-530 220-240 0.3
Area

Study Generator-Substr2te 68 DeO Wafer 500-520 200-220 0.5
Relatronnhip

Study G,•nwator-Substrate 09 Multiple Waf[er 500-520 190-200 0.5
Relati onlship

Study Daposition Pattern 70-74 Graphite Wafers 500-520 190-200 0.5 ea.



-~~~~m 7 r7't~7~~~

• U27-r: C r,,i it-,-- T- vth o f 2-3 r " __.

1.22 1.0 0.03 Ref. C:O. CO. C: o r- tt c:
tozatt•--r.

3.73 3.37 0.03 Crucible L2Cter used so tha1t bottco •crveo
as subotratc. IVo dopooit.

1.4 1.2 + Wire coated with firm deposit.

1.2 1.0 + Ref. N•o. 64. Vire moved 0.125 in. to center.
Wire co.ted with firm deposit.

1.0 0.8 + Ref. No. 64. Radial arrengament of wirce.
All coated.

+ Inner aroe of coil conted.

1.3 1.1 0.04 Wafer cooted - Standing po3ition.

1.5 1.3 0,11 Waferz coated on streim side.

1-1.5 0.9-1.3 0.06-0.1 Pyrolytic BeO build-up for each run.



V 110f~YS!'T ., r-?

"_C_ CJo. ___ __ ________

Effect of Tc 2°tu27 A 1350 - 0.5 3h2- N12 2 1/rlin

Effect of Ter-,:rturc B 1550 0.5 3½2 N2  2 1/rin

Prevent premature 1 1570 0.47 0.5 3H2- N2  2 1/win
Oxidation

Effect of Temperature 2 1650 0.38 0.5 3112- N2  2 1/win

Effect of Ti'e 3 1650 0.49 16 3H2- N2 2 I/min

Effect of Time to 4 1630 0.44 0.5 3H.2- NN2 2 I/min
Temperature

Repeat of No. 4 5 1620 0.42 0.5 3H 2- N2 2 1/mim

Effect of Container 6 1640 0.6 3H2- N2 2 i/min

Container Study 7 1640 None 64 3H2. N2 2 1/min

Effect of Cohtainer 8 1640 0.36 0.6 3H12- N2 2 1/min

Effect of Atmosphere 9 1600 0.31 2 3H2  2 1/min

Study Fiber Growth in 10 1340 0.3 1.5 H 2.4 I/min
Non-ceramic MuIffle 2

Repeat 10 - Effect of 11 1300 0.42 1.5 H2  2.4 1/ain
Temperature

Repeat 10 - Effect of 12 1300 0.37 1.5 H2  2.4 I/min
Reducible Oxide

KepeaL LO - Compact Be 13 1320 0.53 1.5 H2  2.4 I/min
into Disc



ERS - F.1 I it C TIi T

1,.* F'kTT V F, T 1T Y UT. ATN GCM. REMARKS

. N2  2 l/cin 100 c~;/,:n Pronounced o;:idntion of etal powd;cr.
Muffle - Porous alwminum oxide tube.

. N2  2 1/min 100 cm/min Pronounced o;:idation of metal pow'der.
Reaction charýber as above.

. N2  2 1/min 400 cm/sin 0.49 Light fiber grcwth present.
Very slight surface oxidation,
Grapnite reaction chamber.

- N2  2 l/min 400 cm/min Substantial fiber growth.

- N2  2 1/min 400 cm/min Very few fibers present.

Metal not excessively oxidized.

- N 2 /min 400 cm/min 0.42 Boat & contents pushed directly into
hot zone in place of three stages as
above. Very few fibers present.

Reddish colored material noted.

- N2  2 1/min 400 cm/min 0.31 Graphite boat used.
Technique & obcervations as above.

N 2  2 1/min 400 cm/min Trace of fibers only. Metal darkened.

- 2 2 1/min 400 cm/min 0.54 Weight loss of BeO boat indicates
slow loss of material due to vapor
transport.

- N2 2 I/min 400 cm/min 0.53 Molybdenum boat used. No fibers.

N 2 1/min 400 cm/min 0.3 Hydrogen used. Very few fibers.2

2.4 1/min 600 cm/min - - 310 stainless steel to be used.

Small amount of wool formed.

2.4 1/min 600 cm/win Be melted, small amount of wool.

Compare with No. 23.

2.4 I/min 600 cm/min Be melted, fibers like above.

2.4 I/min 600 cm/min Small fiber growth from surface
of disc.

- - , • i , l i I I I I I I I I



VII. S.UR2,AIrY SMZT 11O. 3 P!iL.IA FIZEST -

RUN FLO•!
BJECT -NO. T M-4P. *C CI'1ARG7-c,11 Ti1 -IR. ATIo RATE

Study Effect of Flcw 14 1475 0.39 0.5 312' h 2  4.0 1/min
Rate and Dcw Point,
A1203 Muffle

Study Effect of Tempera- 15 1635 0.44 2.0 3H 2- N2 2.0 1/min
ture and Dew Point
V. rv '"mperature of 16 1525 0.27 1.5 3H - N 2.0 1/min

1.)2 2

Add Graphite to Prevent 17 1530 0.33 0.5 3H2- N2  2.0 1/min
Excessive Oxidation of Be

Vary Temperature of 18 1330 0.45 1.0 3H 2- N2 2.0 1/min
No. 15

Study Effect of 19 1500 0.4 0.8 H 2 1.5 1/win
Atmosphere

Repeat No. 19 20 1450 0.36 1.2 H2 2.0 1/min

Study Fiber Growth 21 1575 1.0 0.2 3H12- N 220 1/rin
using Molybdenum Boat

Study Effect of Flow 22 1650 0.5 0.5 3H2- N2 7.0 1/ain
Rate

Compare with No. 11 23 1300 0.7 0.5 3H2- N2  2.0 1/min

Use Ccmpact of Be 24 1650 0.25 0.5 3H 2- N2 2.0 1/min

Use Compact of Be 25 1650 0.5 16.0 3H 2- N2 2.0 1/ain

Effect of Time

* 3H2- N2 indicates cracked a~mn. ia.



-EXP211711$rAL 07',-XTiVP7M- Co" )T7P>f J,7) U,727-VTTCW7S)

FLOJ1 FLOW

r 1,0irT-7ý V .r. cTll C!I,_ _____ ____________

4.0 1/min 2CO cn/LiAin Be co•,pletrly .. d.at d
point of 13°Fk.

2.0 I/min 100 cm/min Be completely oý:idized at dew
point of 12*F.

2.0 /lmin 100 cm/min Same as prior run.

2.0 1/rin 100 cm/min Graphite did not prevent oxidation

of Be. Dew point - 18°F.

2.0 1/rin 100 cm/min Be completely o'•zidized. Dew point

18 0 F.

1.5 l/rain 75 cm/min Slight growth Mostcl Be oxidized. Whisker growth
present. Dew point 9*F.

2.0 1/min 100 cnr/min Be completely o,:idized. Dew
point 9'F.

2 2.0 l/rin 100 cm/min Some alloying beticen Be and Mo.

2 7.0 1/min 350 cz/min Be completely oxidized.
Dew point 20*F.

2 2.0 1/rain 100 cm/ain Be completely oxidized.
Dew point 18*F. Compare with No. 11.

2 2.0 1/min 100 cm/min Slight growth Some fiber growth as observed in No. 13.
Dew point 20*F.

2 2.0 I/min 100 cm/mir Slight growth Fibers equal to No. 24.
Most of Be oxidized.



WIN12i~ CHAi, Tjll

0 24 C T F, .7 E. . r, H:

Eritrvblish PbrE:::zters 26 1365 Be 1.3 0.

Ectablish Para.,cter 27 1500 Be 1.0 0.

Effect of time 28 1500 Be 1.3 7.

Effect of TiO2  29 1500 Be 0.3 2.

Effect of Time 30 1500 Be 1.3 3.

Effect of oxidant 31 1425 Be 1.5 1.

Effect of oxidant 32 1500 Be 1.5 3.

Effect of oxidant 33 1525 Be 1.3 2.

Repeat run 33 34 1500 Be 1.4 3.

Preheat Atm. 35 1350 Be 0.7 2

Effect of Temp. 36 1550 Be 1.0 2

Effect of Atm. 37 1500 Be 0.9 2

Effect of Atm. 38 1500 Be 1.1 2

Effect of Charge 39 1500 Be 2.5 2

Effect of Charge 40 1500 Be 1.0 2

A



CHARAT VLL-X2ITY F i'.GViitGr,, i n

BIC 1.3 0.75 I. 100 Be-TiO. bln,
melt

Be 1.0 0.3 H2  100 BQ-TiOhblend

formed. Be d
Be 1.3 7.0 H2 2 100 - Fiberous gro'

blend 10:1 wBe 0.8 2.0 II,, 100 - No whiskers

Be 1.3 3.0 H2  2 100 - Very light g;

Be 1.5 1.0 H2  2 100 - Be-TiO? blent

growth. Pre-i
Be 1.5 3.0 H2  2 100 Be-TiO 2 blent

Be 1.3 2.5 H2  2 100 Be-TiO 2 blent

growth.
Be 1.4 3.5 H 2 2 100 As above

Be 0.7 2 3H2-N 2  2 100 Be-TiC2 blenc

of Be.
Be 1.0 2 3H2-N 2 2 100 Be-TiO 2 blenc

growth.
2 1 'b oV

Be 1.1 2 H2 dried 2 100 As above

Be 2.5 2 H 2 dried 2 100 As above
Be 1.0 2 H 2 dried 2 100 TiO2 layer o,

growth. Pre.

" ' • " ,, , 'i 04



klO T !,' FLU. V'Ll ,.GAIij
1/r-,in Cm/min Gm, FTAP~7

100 Be-TiO2 blend 12:1 used. Be did not
melt

100 - Bc-TiO2blcnd 10:1 used. Few whiskers
formed. B2 did not melt

2 100 - Fiberous growth. Be melted. Be-TiOZ
blend 10:1 used

2 100 - No whiskers

2 100 - Very light growth

2 100 - Be-TiO2 blend 10:1.2 used. Very small
growth. Pre-oxidotion.

2 100 Be-TiO2 blend as above. Pre-oxidatio•

2 100 - Be-T!0 2 blend as above. Fine fiber
growth.

2 100 As above

2 100 - Be-TiO2 blend 1:0.5 used. Preoxiddtion
of Be.

2 100 - Be-TiO2 blend 10:1.2 used. Very slight
growth.

2 100 - As above

•ied 2 100 - As above

-ied 2 100 - As above

,4ed 2 100 TiO2 layer over Be metal. Very slight
growth. Pre-oxidation of Be.

C


